Abstract: Regeneration of periodontal ligament (PDL) is still a major issue in implant dentistry. In this study, we evaluated the effects of hydroxyapatite (HA) coating and occlusion on the regeneration of PDL around tooth-shaped titanium implants with root form. Three groups of tooth-shaped titanium implants, namely, non-HA-coated without occlusion (HA-/OCL-), HA-coated without occlusion (HA+/OCL-), and HA-coated with occlusion (HA+/OCL+), were immediately implanted into extracted tooth sockets with remaining PDL of rat molar model and the regeneration of PDL was examined histomorphometrically and histologically. Direct bony attachments were formed at the HA+/OCL-implant interface. In contrast, soft peri-implant tissue was distinctly seen between the HA+/OCL+ implant surface and surrounding alveolar bones. The shape of the load-time curve for the HA+/OCL+ group was similar to that for natural teeth. Peri-implant tissue of the HA+/ OCL+ implants exhibited alkaline phosphatase with a distribution and activity similar to those of the PDL. Collagen fiber bundles were found functionally oriented in some regions of the peri-implant tissue. These findings indicate that the remaining PDL tissue around extracted sockets has the ability to regenerate bone and PDL-like tissues on HA-coated tooth-shaped implants. Occlusal loads to the HA-coated implants may induce regeneration of PDL-like tissue in the peri-implant tissue.
Introduction
Osseointegration was proposed as direct contact between titanium implant and bone tissue by Brånemark et al. 1) . Since then, titanium dental implants have been widely used in dental clinics and the efficacy of titanium dental implants has been revealed by a number of clinical reports 2, 3) . Nowadays, in a clinical context, it is possible to perform esthetic repair and produce better function not only for one missing tooth but also for edentulous jaw.
However, osseointegrated titanium dental implants do not have the periodontal ligament (PDL) at the interface between the implant surface and surrounding alveolar bone. Natural teeth are attached to surrounding alveolar bone via PDL tissues. PDL is composed of cells, extracellular fibers, interfibrillar matrices, blood vessels, lymphatic vessels, and nerves. PDL has important functions such as tooth support and shock absorbance 4) . There have been some reports on the development of artificial PDL with a combination of cultured PDL cells [5] [6] [7] [8] . Boyko et al. transplanted extracted roots into the edentulous premolar region of the mandibular of dog and found that roots bearing cultured periodontal ligament cells were associated with fragments of new fibrous tissue, which was identified as PDL 9) . Lin et al. coated titanium implants with rat PDL-derived progenitor cells and implanted them into the rat maxillary molar region. They found that PDL-derived progenitor cells on titanium could regenerate autologous PDL tissue on titanium implants 5) . Matsumura et al. investigated the proliferation and differentiation of PDL cells or gingival cells on apatite immobilized poly(ethylene-co-vinyl alcohol), which was used as an artificial PDL 10) .
In contrast, Buser et al. and Warrer et al. investigated the wound healing events around titanium implants in the presence of root tips. Remaining periodontium could serve as a source of PDL cells and construct new PDL structure. They placed hollow cylindrical titanium implants into the mandible of monkeys in which the apical portions of removed teeth were retained, and reported that PDL formed around the titanium implants when these implants were close to the retained roots. They also found that the cementum layer on the implant surface and PDL with collagen fibers perpendicularly oriented to the implant surface [11] [12] [13] .
On the basis of the above-mentioned reports, it is expected that dental implants with true PDL can be accomplished if implants are placed into the extracted sockets where some PDL still remains.
A rat molar model is useful for assessing the tooth support function of healing PDL of replanted teeth 14, 15) . In these previous reports, ruptured PDL was found adhering to the surfaces of the extracted socket and extracted tooth after tooth extraction.
Extracted teeth were replanted into their original sockets, and the tooth support function of healing PDL was examined. Ruptured PDL collagen fibers achieved reattachment between the tooth and alveolar socket bone in the replanted teeth.
Rat model is economical and has a handling advantage compared with the use of dogs or monkeys. It is possible to increase the number of tested animals without difficulty. This model can also be useful for the placement of tooth-shaped artificial implants into tooth sockets after extraction. Miyashita proposed a new method for developing a dental implant with surrounding PDL using a rat molar model 16, 17) . After the extraction of rat molar teeth, tooth-shaped titanium implants were immediately inserted into the extracted sockets. Four weeks after implantation, although the peri-implant soft tissue spaces were wide enough to contain supporting collagen fibers, most of the collagen fibers were seen running parallel along the implant surfaces below the alveolar crest. It is suggested that remaining PDL adhering to the extracted sockets induced the formation of the new PDL tissue between the implant and alveolar socket bones.
However, the tooth-shaped titanium implants had no scaffold and no functional occlusion. Hydroxyapatite (HA) is widely used as a scaffold material and HA-coated titanium implants have been shown to exhibit better bone response 18, 19) . Jahangiri et al. reported that an animal model was established in which the proximity of tooth-to-implant contact led to partial generation of PDL on HA-coated implant surface 20) . Takata et al. placed HA on the cavity of the root surface of canines. They found that the teeth had new connective tissue attachment on the implanted HA and a layer of cementum-like tissue was observed on the surface of HA. Little or no cementum deposition was seen on titanium alloy 21, 22) . It is assumed that HA coating of tooth-shaped titanium implants would be beneficial for PDL regeneration.
In the present study, we aimed to evaluate the influence of occlusal loads and hydroxyapatite coating in terms of their promotion of the regeneration of PDL for tooth-shaped titanium implants. Three groups of tooth-shaped titanium implants, that is, non-HA-coated without occlusion, HA-coated without occlusion, and HA-coated with occlusion, were implanted into the extracted tooth sockets of rat molar model. Mobility, extraction force, microcomputed tomography observation, and histological evaluation are reported.
Matrials and Methods
The animal experiment scheme is illustrated in Figure 1 Wistar rats were used in this study. The rats were divided into three groups, namely, non-HA-coated without occlusion (HA-/ OCL-), HA-coated without occlusion (HA+/OCL-), and HA- Figure 1 . The left maxillary first molar (a) was extracted using extraction forceps (b). Tooth-shaped titanium implant was immediately placed into the tooth socket after extraction (c). Toothshaped titanium implant was placed into the tooth socket (d). The self-curing acrylic resin was applied to the grooved occlusal surface in the occlusion group (e). Figure 2 . Tooth-shaped titanium implant from lateral (a) and occlusal surface (b) views. From a mold of the extracted maxillary first molar, tooth-shaped titanium implants were fabricated by a CAD/CAM process. Tooth-shaped titanium implant for the occluded group from lateral (c) and occlusal surface (d) views. Three wounds were made on the occlusal surface of tooth-shaped titanium implant using a diamond bar. Scale bar = 2.0 mm. Step 1
Step coated with occlusion (HA+/OCL+).
Design of tooth-shaped titanium implants
Tooth-shaped titanium implants were manufactured according to previous reports with modification 16, 17) . In brief, average root lengths were calculated from values of 10 extracted rat molars.
Then, we selected an extracted tooth with root lengths that were similar to the average lengths. A wax pattern of the selected tooth was prepared and then cast using titanium alloy (T-Alloys, GC).
Then, tooth-shaped titanium implants were fabricated by a CAD/ CAM process (Apex Co., Tokyo, Japan) based on the cast titanium alloy. The appearance and occlusal surface of the implants are shown in Figures 2a and 2b . For the occlusion group, grooves on the occlusal surface of each implant were produced with a dental diamond bar to improve the adhesion of dental resin, as shown in Tooth-shaped titanium implants were immersed in the molecular precursor solution for 10 minutes and then spin-coated to make a uniform HA coating. Afterwards, samples were heated at 600 °C for 2 hours using a furnace (AUTO FURNACE EF-1, GC, Tokyo, Japan) under atmospheric conditions 24, 25) . HA coating on toothshaped titanium implants was confirmed by scanning electron microscopy (SEM) (JSM-5600LV, JEOL, Tokyo, Japan) and electron probe micro-analysis (EPMA, Electron Probe MicroAnalyzer, JXA-8900R, JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 20 kV by detecting the X-ray intensity of Ca-Kα, P-Kα, and Ti-Kα.
Implantation procedure
All rats were injected intraperitoneally with ketamine hydrochloride (47 mg/kg) and medetomidine hydrochloride (0.4 mg/kg). The left maxillary first molars were then extracted from their sockets using extraction forceps 15) . All implants were sterilized using an autoclave. Immediately after the extraction, the tooth-shaped titanium implants were placed into the tooth sockets. In 16 rats, occlusal contact between HA-coated, tooth-shaped titanium implant and mandibular first molar was designed (HA+/ OCL+ group), the grooved surface of each implant was pretreated with metal primer (Alloy Primer, Kuraray, Osaka, Japan), and self-curing acrylic resin (Unifast III, GC, Tokyo, Japan) was then applied to the grooved surface 26) . Immediately, we made occlusal contact between the resin-applied implant and the mandibular first molar artificially by forced occlusal movement of the maxilla and mandible under anesthesia. After the operation, the rats were injected with benzyl penicillin procaine (2,010,000 units/kg) subcutaneously and with atipamezole hydrochloride (0.83 mg/ kg) intraperitoneally to wake them. We examined the occlusal contact once a week throughout the experimental period under ether anesthesia and confirmed it from the side view of dissected heads (Figs. 4a, b) . When the applied resin had been separated from the implant, such rats were excluded.
In 31 rats, the resin was not applied onto non-HA-coated toothshaped implants (HA-/OCL-group, n=17) or HA-coated toothshaped implants (HA+/OCL-group, n=14).
To monitor new bone formation around the implants, the rats were injected intraperitoneally with 0.1% calcein solution at 14 and 21 days after implantation under ether anesthesia.
Mobility test
The mobility of the implants in the three groups at 7, 14, 21, and 28 days after implantation was measured according to the classification by Miller 27) .
Micro-computed tomography
At 28 days after implantation, 32 rats in the three groups were perfused with 0.1 M phosphate buffer (pH 7.4) containing 4%
paraformaldehyde, under anesthesia. Each maxilla was dissected and placed in the same fixative at 4 °C. Each maxilla containing the implant was horizontally scanned at 60 µm intervals with a micro-computed tomography (micro-CT) system (Latheta, Aloka, Tokyo, Japan) to observe the surrounding bone and peri-implant tissue. The natural tooth, the maxillary first molar, with surrounding bone was also observed by micro-CT in the same manner.
Histology
After micro-CT analysis, the maxillae were dehydrated through a graded series of alcohol and embedded in methyl methacrylate 
Mechanical test
Fifteen rats in the HA+/OCL-and HA+/OCL+ groups were killed with an overdose of ether at 28 days after implantation.
Each maxilla was dissected immediately after killing, and kept in phosphate-buffered saline (PBS) at 4 °C until mechanical test. A load-deformation curve was obtained by extracting the implant by cramping its crown part from its socket using a material testing machine (MMT-101NV-10, SHIMADZU, Kyoto, Japan) at a cross-head speed of 1 mm/min. Load-deformation curves for natural right maxillary first molars were also obtained similarly using some rats from either HA+/OCL-or HA+/OCL+ group.
From each load-deformation curve, the maximum load was recorded. We assessed whether the peri-implant tissue were soft connective tissue (like periodontal ligament) or contained bony attachments, from the shapes of the load-deformation curves.
Alkaline phosphatase (ALP) staining
After extraction by mechanical testing, some extracted implants from the HA+/OCL-and HA+/OCL+ groups were rinsed with PBS twice and stained for ALP activity. Surface-stained implants were observed by light microscopy (VHX-200/100F, KEYENCE, Osaka, Japan). ALP staining was also performed for some extracted right maxillary first molars.
Some dissected maxillae of the HA+/OCL+ group were decalcified for two weeks and embedded in low-melting-point paraffin for ALP staining 29, 30) after gentle removal of the implants from the sockets. Fiveµm-thick sagittal sections were prepared and subjected to ALP staining.
Scanning electron microscopy (SEM)
After extraction by mechanical test, some extracted implants from the HA+/OCL-and HA+/OCL+ groups and extracted right maxillary first molars were rinsed with PBS, dehydrated through a graded series of ethanol, and freeze-dried with tert-butyl alcohol (ID-2, Eiko, Tokyo, Japan). After freeze-drying, the surfaces of the implants and natural teeth were observed by SEM (JSM-5600LV, JEOL, Tokyo, Japan).
Statistics
The quantitative data were statistically analyzed using oneway analysis of variance (ANOVA) to identify significant differences among each group. If differences were found, Tukey's multiple comparison test was used to evaluate significant differences between any two groups at a significance level of p=0.05.
Histology
After micro-CT analysis, the maxillae were dehydrated through a graded series of alcohol and embedded in methyl methacrylate undecalcified. Mesiodistal sections were cut in a direction parallel to the long axis of the implants with a diamond-coated rotating saw (MODEL 650 Low Speed Diamond Wheel Saw, South Bay Technology, Inc., USA) and were ground down to about 80µm. Light microscopy under ordinary light of mesial roots of tooth-shaped titanium implants (d, e). Non-decalcified sections were surfacestained with basic fuchsin and methylene-blue. Imp: tooth-shaped titanium implant. Scale bar = 0.5 mm.
Higher magnification image for each group with a light microscope under ordinary light (f, g). Scale bar = 40µm. 
Mechanical test
Alkaline phosphatase (ALP) staining
Some dissected maxillae of the HA+/OCL+ group were decalcified for two weeks and embedded in low-melting-point paraffin for ALP staining 29, 30) after gentle removal of the implants from the sockets. Five-µm-thick sagittal sections were prepared and subjected to ALP staining.
Scanning electron microscopy (SEM)
Statistics
The quantitative data were statistically analyzed using oneway analysis of variance (ANOVA) to identify significant differences among each group. If differences were found, Tukey's multiple comparison test was used to evaluate significant differences between any two groups at a significance level of p=0.05. Figure 5 shows the SEM surface appearance of the tooth-shaped titanium implants without HA coating (a) and with HA coating (b). Uniform coating was identified and there was no distinct difference of surface morphologies between non-coated and HAcoated titanium implants.
Results

HA coating
Figures 5c and d show the EPMA elemental color mapping images of Ca, P, and Ti on the surfaces of tooth-shaped titanium implants before and after HA coating. Ca and P derived from HA were present on the surface of tooth-shaped titanium implant after HA coating, but not on the surface before HA coating. This revealed that uniform HA thin coating could be performed on tooth-shaped titanium implant by using the molecular precursor method.
Mobility of tooth-shaped titanium implant
The results of mobility of tooth-shaped titanium implant after 28 days of implantation are shown in Table1. The HA-/OCLgroup showed a wide variation of tooth mobility score (M0~2).
For HA-coated implants, the mobility score was influenced by occlusion. The HA+/OCL-group mostly showed a score of M0.
Only three samples showed a score of M1. The tooth mobility scores of both HA+/OCL-and HA+/OCL+ groups were not variable. The HA+/OCL+ group mostly showed a mobility score of M1, and only two samples showed a score of M2. These results suggest tight bonding of HA-coated titanium implants to surrounding bones in the HA+/OCL-group.
Micro-CT images
Typical micro-CT images of maxillae from the three groups are shown in Figure. 6. Radiolucent spaces were distinct between the HA-/OCL-implants and surrounding alveolar bones (Fig. 6b) , the same as in natural tooth (Fig. 6a) . In contrast, no spaces were observed between the HA+/OCL-implants and surrounding alveolar bone (Fig. 6c) . A space between the mesial side of mesial implant root and alveolar bone was observed for HA+/OCL+ implants (Fig. 6d) , the same as in the natural tooth (Fig. 6a) .
CLSM images and BIC
Typical CLSM images of mesial roots in undecalcified sagittal sections of two groups of HA-coated tooth-shaped titanium implants are shown in Figure 7 . In the HA+/OCL-group (Fig.   7a ), dense green labels of calcein were seen adjacent to the whole surface of the mesial implant root. In the HA+/OCL+ group (Fig.   7b ), green labels were partly seen along the mesial root surface on the distal side. The mean BIC for the HA+/OCL-group was significantly higher than that for the HA+/OCL+ group (Fig. 7c) .
Histological evaluation
In the HA+/OCL-group (Fig. 7d) , the alveolar bone was in direct contact with the implant surface at many regions and less soft tissue was observed between the implants and surrounding alveolar bones. In the HA+/OCL+ group (Fig. 7e) , the soft peri- Figure 8 shows typical load-deformation curves for two groups of HA-coated tooth-shaped titanium implants and natural tooth. . The shape of the loaddeformation curve for the HA+/OCL+ group was similar to that for the natural teeth.
Mechanical test
The maximum load of each group is shown in Table 2 . The maximum load of the HA+/OCL-group (40.5±4.1 N) was significantly higher than that for natural tooth (25.5±0.2 N). The maximum load of the HA+/OCL+ group (13.0±3.1 N) was significantly lower than that for natural tooth. Figure 9 shows the SEM appearances of the surfaces of the extracted implants and natural teeth after mechanical test. In the natural teeth, ruptured PDL fibers were frequently seen at the surface (Fig. 9a) . In the HA+/OCL-group, ruptured bone tissues were observed at many regions of the implant surface (Fig. 9b) .
SEM observation of extracted tooth-shaped titanium implant surface
On the other hand, in the HA+/OCL+ group, there were ruptured fibers on some regions of the implant surface (Fig. 9c) . Figure 10 shows ALP staining of the two extracted groups of HA-coated tooth-shaped titanium implants, and of extracted natural teeth. Whole surfaces of natural tooth roots adhered to ruptured PDL tissues, which exhibited the highest activities of ALP in the cellular cementum region near root apices and moderate activities at middle and upper root levels (Fig. 10a) . Some regions of the roots in the two implant groups adhered to ruptured tissues, which exhibited higher activities of ALP (Figs. 10b, c) .
Alkaline phosphatase (ALP) activity
Next, as the HA+/OCL+ group showed effective reduction of bony attachments on the implant surface and formed soft periimplant tissues, we concentrated on the soft peri-implant tissue. Figure 11 shows ALP staining of histological sections from the maxillary second molar (Figs. 11a, c) and the peri-implant tissue from the HA+/OCL+ group (Figs. 11b, d ). The distribution and activity of ALP were found to be similar in the natural PDL and the peri-implant tissue; the highest activity was seen in round and oval cells adjacent to the alveolar bone. The activity of ALP gradually decreased towards the tooth (Fig. 11c) and implant ( Fig.   11d ) surfaces. The spindle-shaped cells with high activity of ALP in the mid-portion ligament (Fig. 11c) were less evident in the peri-implant tissues (Fig. 11d) . The gingival connective tissues exhibited low activities of ALP compared with the PDL tissue and the peri-implant tissue; the activity in the gingival tissue around the implants (Fig. 11b ) was even lower than that around the natural teeth (Fig. 11a) . Figure 12a shows HE staining of sagittal sections cut through the mesial and distal roots of the implant from the HA+/OCL+ group. This section shows that the soft peri-implant connective tissues had formed around the HA+/OCL+ implants. At the upper root level below the alveolar crest, the collagen fiber bundles were frequently seen running from the alveolar bone vertical to the implant surfaces (Fig. 12b) ; the fiber orientation was similar to that in natural tooth (Fig. 12c) . No cementum formation was found on the implant surface. At the middle root level (Fig. 12d) and apical root level, most of the collagen fiber bundles were oriented parallel to the implant surface. Group  M0  M1  M2   HA-/OCL-5  9  3 HA+/OCL-11 3 0 HA+/OCL+ 0 14 2 Table 2 . Maximum load values obtained from the load-time curves for the peri-implant tissue for each group and natural tooth.
Orientation of the collagen fibers in the peri-implant tissue
Discussion
Miller's Classification
Significance level of p=0.05 (n=7).
There have been various reports regarding the formation of supportive tissue like PDL around implants that is similar to that of natural teeth [5] [6] [7] [8] . However, most reported studies used cylindrical root form implants. In these cases, following alveolar bone exposure, the implant site was drilled by removing the bony tissue, including remaining PDL. Some reported that the remaining PDL plays a significant role in PDL regeneration 14, 15) . PDL cells were seeded in the ruptured or remaining PDL. It was very difficult to regenerate PDL around cylindrical root form implants owing to the lack of remaining PDL tissue. On the other hand, a rat molar model, which was proposed by Miyashita 16, 17) , is beneficial for regeneration of PDL around the implants because ruptured PDL remains in the extracted sockets. In the present study, three types of tooth-shaped titanium implant, namely, non-HA-coated without occlusion (HA-/OCL-), HA-coated without occlusion (HA+/OCL-), and HA-coated with occlusion (HA+/OCL+), were implanted into extracted tooth sockets with adhering PDL in the rat molar model, and the regeneration ability was examined.
A molecular precursor method was employed for HA coating. Plasma-spray technique has been mostly applied for apatite coating of titanium. However, this technique has many problems, for example, peeling of HA coating due to its lower adhesiveness and fracture inside the HA coating 31) . Various approaches for producing thin and adherent apatite coating have been proposed [32] [33] [34] . The molecular precursor method is a wet and simple process. Adherent HA coating of several micrometers could be easily deposited on titanium. It is possible to deposit uniform apatite coating onto three-dimensional complexly shaped materials, such as porous materials 23) . In the present study, uniform apatite coating could be deposited not only on the root surface but also on the root furcation of tooth-shaped titanium implants by an immersion and heating process. There were no distinct differences in surface morphologies of tooth-shaped titanium implants before and after HA coating. Only the chemical property of the implant surface influenced the tissue responses after the implantation.
The mobility was remarkably influenced by HA coating and by occlusion. HA coating without occlusion, HA+/OCL-, mostly provided a score of M0. This was due to the tight bonding of HA coating to bone tissue. Regarding the effectiveness of HA coating for bone binding, many reports on this have been published 35, 36) .
Our present results confirm these previous reports. When occlusion force was added, higher mobility score was obtained. This was due to the prevention of tight bonding of HA-coated tooth-shaped titanium implants to surrounding bone. Namely, osseointegration was effectively reduced when implants were occluded.
In several reports, occlusal stimuli were shown to promote the periodontal healing of replanted teeth and to prevent alveolar ankylosis [37] [38] [39] . Hu et al. reported that the occluded and recovery (an anterior bite plate removed after 1 week) groups showed enlarged and thickened periodontium without ankylosis. In the present study, we loaded the HA-coated tooth-shaped titanium implants by making occlusal contact immediately after implantation. The occlusal contact was prepared by building up dental self-curing acrylic resin on the contact surface of toothshaped implants. The occlusion condition of resin-added implants was checked using articulating paper with a normal dental technique.
It was interesting that less variation of mobility of HA-coated implants was observed in the mobility test. Namely, the scores of HA+/OCL-implants were mostly M0 and those of HA+/OCL+ implants were M1. On the other hand, the mobility of HA-/OCLimplants was variable from M0 to M2. In addition, Miyashita In contrast, the HA+/OCL+ implants had less bone contact. These results were consistent with the results of mobility scores.
The BICs of the osseointegrated HA-coated implants have been reported elsewhere 18, 19) . For example, Schliephake et al. reported that the BIC of HA-coated implants was 61.7% and was significantly higher than that of machined surfaces. In the present study, the BIC of HA+/OCL-implants is similar (56.3%) to those previously reported for osseointegrated HA implants. The HA+/ OCL-implants could enable bone integration even though there were some gaps between implants and alveolar bone. Some reports have described that HA-coated implants possessed high bone formation ability that permitted gaps between implant and surrounding bone 40, 41) . These results suggest that the HA+/OCLimplants, in which coating was prepared by using the molecular precursor method, have high bone formation ability and induce osseointegration, but not distinct formation of a periodontal ligament between the implants and the alveolar bones.
The BIC of HA+/OCL+ implants is significantly less than that of HA+/OCL-implants. This is due to the prevention of direct bone contact between implants and alveolar bones by occlusion. However, it is also possible that excessive initial force might cause severe bone resorption 37) . In this study, we observed few multinuclear resorpting cells adjacent to the bony attachments formed around the HA+/OCL+ implants.
From the load level and shape of the load-deformation curves,
we assessed whether bony attachments or soft peri-implant tissues formed around the implants. The maximum load for HA+/OCLimplants was significantly higher than that of natural teeth and HA+/OCL-implants. The abrupt decrease of the maximum load seen in the load-deformation curve for the HA+/OCL+ implants indicates fracture of bony attachments at the interface of the implant 16) . In contrast, the load-deformation curve exhibited gradual decrease of the maximum load during rupture of the PDL collagen fibers in natural teeth 15) . The shape of the loaddeformation curve for the HA+/OCL+ implants was similar to that for natural teeth, suggesting the presence of soft peri-implant tissue. However, less deformation and less maximum load of the HA+/OCL+ implants suggests the formation of immature collagen fibers.
Previous studies reported that PDL tissues exhibit intense ALP activity, although PDL does not mineralize 42, 43) . We noted before the present study that the gingival connective tissues easily restore fiber tissue attachments between titanium tooth-shaped implants in rat molar model; the collagen fiber bundles are oriented almost vertical to the implant surface 16, 17) .
However, most of the collagen fibers in the peri-implant tissue below the alveolar crest are oriented parallel to the implant surface.
Here, we found the functional orientation of the collagen fiber bundles from the alveolar bones vertically to the implant surfaces in some regions of the peri-implant tissue at the upper root level of the HA+/OCL+ implants. However, at the lower levels, that is, middle and apical root levels, most of the fiber bundles were oriented parallel to the implant surface. These findings indicate that occlusion in HA-coated implants effectively prevented the osseointegration and promoted the regeneration of the functional orientation of the collagen fiber bundles between implant and alveolar bone. In our SEM observation, many round and oval cells were found in the ends of the ruptured fibers in the HA+/OCL+ group, suggesting the involvement of some cementoblast-like cells in attachment formation at the implant interface.
For complete regeneration of PDL, cementum formation is necessary. It is predicted that the surface morphology or surface chemical modification of HA+/OCL+ implant and/or the combination of cytokines with HA+/OCL+ will influence the regeneration of cementum and PDL tissues. Several growth factors have already been used in the treatment of periodontal disease in natural teeth 44, 45) . Moreover, the application of cultured periodontal ligament cells to HA+/OCL+ implant may enable much more PDL regeneration.
Conclusions
In this study, the following results were obtained on the basis of observations of HA-coated, tooth-shaped titanium implants, which were inserted into tooth sockets with adhering PDL after tooth extraction in a rat model with or without occlusion.
1.HA-coated implants using the molecular precursor method without occlusion showed high BIC value and high bone formation ability, causing osseointegration even when initial fixation had not been obtained.
2.The osseointegration was reduced by providing occlusal contact in HA-coated implants.
3.In some regions of the peri-implant tissue at the upper root level of the HA-coated implants with occlusion, the collagen fiber bundles were oriented functionally from the implant surface to the alveolar bone, as in the PDL tissue of natural tooth.
4.This study suggests that implants surrounded by periodontal ligament-like tissue could be developed.
